Background-There is a large and persistent racial disparity in STI in the U.S. which has placed non-Hispanic-Blacks at disproportionately high risk. We tested a hypothesis that both individuallevel risk factors (partner number, anal sex, condom use) and local-network features (concurrency and assortative mixing by race) combine to account for the association between race and chlamydia status.
Introduction
STIs are a significant cause of morbidity and mortality that have a disproportionate impact on minority populations within the U.S. Non-Hispanics Blacks (NHB), and in particular NHB females exhibit incidence and prevalence rates far greater than Non-Hispanic Whites (NHW). In 2010 the incidence rates of chlamydia (CT), syphilis, and HIV were roughly eight times greater among NHB than NHW and the incidence rate of gonorrhea was over 18 time greater among NHB than NHW (CDC, 2011 (CDC, , 2012a . These very different infections involve unique biological and immunological processes, but they are all transmitted via the same behaviors and traverse the same sexual network -so it is not surprising that we find similar patterns of infection. In this paper we provide a mechanism for the emergence and persistence of the racial disparity in STI incidence using a network theoretic perspective, and we use data from a nationally representative sample of young adults in the U.S. to empirically test our hypothesis. There are numerous individual-level risk behaviors (ILRB) that directly affect the probability of acquiring an STI including partner number (Hallfors et al., 2007; Halpern et al., 2004; Laumann and Youm, 1999; Mayer and Anderson, 1995) , anal sex (particularly receptive) (Mayer and Anderson, 1995; Lazzarin et al., 1992; Baldwin and Baldwin, 2000) and condom use. These STI-related behaviors have also been shown to vary significantly between different racial groups (Halpern et al., 2004; Baldwin and Baldwin, 2000; Leigh et al., 1993; Hamilton, 2011; Reece et al., 2010) . The differences in behavior have not, however, been sufficient to account for the racial disparity in STI. The association between race and STI status persists even after controlling for partner number, anal sex, commercial sex, drug-related behaviors, education, income and healthcare access (Hallfors et al., 2007; Santelli et al., 2000; Tanfer et al., 1995) . We hypothesize that ILRBs have been insufficient explanatory factors because they fail to capture the variation in risk associated with the local sexual network (LSN) environment which is defined by the partners to whom one is connected.
STI acquisition does not occur among isolated individuals; it occurs via an association with a partner. Consequently, the probability of acquiring an STI depends as much on the behavior of a partner as it does on one's own behavior. Take, for example, the many cases of uninfected individuals that enter into a relationship with an uninfected partner and still acquire an STI despite remaining monogamous (Landman et al., 2008; Hugonnet et al., 2002) . Because partners play a pivotal role in determining if someone acquires an STI the LSN should be taken into account when determining risk. This is the crux of the network hypothesis tested here -that risk for an STI is a function of both ILRBs and LSN and by extension the racial disparity observed at the population-level is the emergent outcome of aggregate differences in ILRB and LSN structure. Following the findings of Morris et al. (2009) , the two components of the LSN that we explore as drivers of the disparity in STI are concurrency and assortative mixing by race.
The presence of concurrency in the sexual network transforms the cross-sectional landscape of a network from one of isolates and dyads, as would be present under serial monogamy, to a landscape that includes triads and potentially much larger connected components that can quickly and efficiently transmit an infection. The effects of concurrency on transmission are threefold. First, the time between acquiring infection and passing it on is reduced because one partnership does not have to end before another begins; second, the protective effect that comes from being earlier in the partner sequence is eliminated, because later partners can now pose an indirect risk to earlier partners when these partnerships overlap in time; and third, this "backwards path" of infection established by concurrent partnerships creates entirely new chains of infection (Moody, 2002) .
The potential importance of concurrency for understanding the HIV epidemic was first suggested in the early 1990s (Watts and May, 1992) . Since then research has demonstrated through simulation studies that even small differences in concurrency can have dramatic effects on connectivity in sexual networks, and there by the speed with which infection spreads and the number of people that can be infected (Morris et al., 2007; Morris and Kretzschmar, 2000) . Empirical studies have also provided ecological evidence that concurrency may be a driver of epidemic transmission by linking high rates of concurrency with the severely HIV-impacted populations of Sub-Saharan Africa (SSA) (Morris and Kretzschmar, 1997; Lurie et al., 2003; Morris et al., 2010; Carter et al., 2007; Colvin et al., 1998; Mbizvo et al., 2001; Sandoy et al., 2010; Vissers et al., 2008) as well as by linking subgroup-level differences in concurrency with the prevalence of HIV (Morris et al., 2010; Carteret al., 2007; Colvin et al., 1998; Mbizvo et al., 2001; Sandoy et al., 2010; Vissers et al., 2008; Kenyon et al., 2009 ). Simulation studies, using empirically derived parameters, have also demonstrated that concurrency may be an important driver of the HIV epidemic in sub-Saharan Africa (Eaton et al., 2011; Goodreau et al., 2012; Johnson et al., 2009) . Despite these findings, the extent to which concurrency has contributed to the HIV epidemic in SSA has remained a topic of debate (Sawers et al., 2011; Sawers and Stillwaggon, 2010; Epstein and Morris, 2011; Lurie and Rosenthal, 2010a,b; Tanser et al., 2011; Amelia and Martina, 2012; Morris et al., 2014) . This is in large part due to the difficulty in collecting accurate data on sexual relationships including the duration of partnership overlap and the frequency and timing of sex acts across multiple partners. In addition there has historically been a reliance on prevalence as an epidemic outcome which is difficult to temporally match to the behaviors that may have contributed to transmission because HIV has a long duration of infection and the frequency of testing tends to be low.
In the U.S. context, a few previous studies have reported that NHB in the U.S. tend to have higher rates of concurrency (Hamilton, 2011; Santelli et al., 1998; Adimora et al., 2002 Adimora et al., , 2007 and we hypothesize that this is contributing to disparate incidence rates that in turn drive divergent prevalence. We further hypothesize that a high level of homophily in partner selection -assortative mixing -amplifies the effect of disparate concurrency rates by concentrating the additional connectivity within one group and that the higher prevalence levels that are generated among the group with higher concurrency rates can become a risk in and of themselves because selecting any partner from a population with a higher prevalence of infection is an additional risk.
In this analysis we test the hypothesis that ILRB differences in conjunction with second order risk derived from the LSN contributes to the observed racial disparity in STI.
subsample used here included heterosexual respondents who provided demographic and behavioral data about themselves and demographic information on at least one current sex partner between 18 and 26 years of age. Further details about these data are available elsewhere (The National Longitudinal Study of Adolescent Health, 1998; Harris et al., 2009 ).
The demographic variables we include in our model are sex, race (non-Hispanic White, nonHispanic Black and other), marital status (married, not married) and age (18) (19) (20) (21) (22) (23) (24) (25) (26) . In addition we include two indicators of socio-economic status: education (did not complete high school, graduated high school or earned a GED, education beyond high school) and health insurance status (did not have health insurance in the last year, had health insurance for part of the last year, had health insurance all of the last year). The ILRBs are: number of partners in the last year, anal sex with a partner in the last year, and condom use at last sex. The LSN measures included in these analyses are concurrency and assortative mixing by race. The annual prevalence of concurrency in the sample population is shown in Table 1 . In this population of young adults the annual prevalence of concurrency among NHB is approximately 20% while the prevalence among NHW is close to 11%. The pattern of assortative mixing is also shown in Table 1 . Most relationships reported by both NHW and NHB -74-89% -were with partners of the same race, with only 2-12% between NHW and NHB.
The inclusion of network characteristics in the predictive model presented unique challenges. Because the data were egocentrically sampled, respondent's partners were not enrolled in the study, so there was no direct way to measure the partner's concurrency. We adopted an imputation approach to address this limitation because it has the advantage of using only the data provided by the respondent. The imputation process uses what we know about each of the partner's observable characteristics and the behavior of respondents with the same characteristics to impute what a partner's behavior was likely to have been on average.
The imputation procedure is comprised of three steps. (1) For each of the partners identified by a respondent a subsample of the data was generated that included all of the respondents with the same demographic characteristics (age, sex, marital status and race) as the identified partner. (2) The subsample from step one was further refined to include only those respondents who reported a partner in the previous year with the same demographic attributes as the respondent for whom the partner attributes were being imputed -thus, there was a two-way matching. (3) Concurrency for each individual in the two-way matched subsample was coded either zero or one indicating no concurrency or at least 1 set of concurrent relationships respectively. From this subsample a weighted mean value was calculated using the number of partners with the same demographic characteristics as the index case reported by each member of the subsample as the sample weight. The result is the probability that a partnership selected from all partnerships in the subsample that are matched on the demographics of both the index and the partner is concurrent with another partnership. This mean value was then multiplied by 100 to represent the percentage of demographically matched partnerships in the population from which a partner is drawn that are concurrent with another partnership. If an index case reported more than one partner the mean prevalence across the multiple partners was used. The result is potentially an underestimation of concurrency exposure for those with multiple partners. As an alternative, the joint probability of exposure across all partners could be used, but given coital dilution in the context of multiple partners the joint probability would likely be an overestimate. Additionally, using the mean has the advantage of decoupling the number of partners an individual has from the estimated probability of their exposure to a concurrent partner. The impact of any bias introduced by using the mean across partnerships may also be negligible given a general regression toward the mean for all of the imputed values.
The variable for assortative mixing was calculated in a similar way. The functional mechanism by which assortative mixing impacts STI risk is via the variation in the underlying prevalence of STI across the different groups from which a partner may be selected. The non-random distribution of STI in the population was captured by calculating the prevalence of the STI of interest for each of the subsamples defined by the demographic characteristics of the respondent and the identified partner. In this case however, because both STI and disassortative mixing by race were rare events the imputation subsamples were less restrictive using only two demographic attributes of the respondent and the partner (race and sex) to define the subsample.
Several sensitivity analyses were also conducted. First, in order to impute the variables for each partner identified by a respondent, there had to be a sufficient number of other respondents who were demographically equivalent to each identified partner, who, in turn, identified at least one partner that was demographically equivalent to the respondent. This was limited by both the sample size and homogeneity in partner selection. All analyses where run twice, first only requiring a minimum subsample of five respondents in any imputation subsample and then with a more robust requirement of 10 respondents was run as a sensitivity analysis. The impact of these different requirements on the size and composition of the sample population are shown in Table 2 . Second, the outcome variable of interest was CT, the most common STI reported. As an additional analysis a composite STI outcome that included CT, gonorrhea, and trichomonias is was also tested. STI status was determined using biomarkers. Third, the use of prevalence as the metric for both partner concurrency and assortative mixing assumes that there is a linear association between prevalence and CT on a log-odds scale. However, the impact of a 1% increase in prevalence at lower prevalence levels, e.g. from 3% to 4%, may be more important for determining differences in risk than a 1% increase in prevalence at higher prevalence levels, e.g. from 50% to 51%, due to the non-linear dynamics of epidemic transmission. Therefore the logs of the prevalence of each of the two LSNs are also used as independent variables. Each analysis followed a four iteration process utilizing logistic regression followed by a hierarchical variance partition. (1) Each of the demographic, ILRB and LSN variables were regressed on STI status to determine their univariate association. (2) The demographic variables were included in a multivariate model to provide a baseline association between race and STI status conditional on the other demographic attributes. (3) The ILRBs were then included in the model to determine if they altered the association between race and STI status. (4) The LSN variables were added to determine if local network location accounts for any residual association between race and STI not already explained by the differences in ILRB. Following the logistic regression analysis a hierarchical partitioning of the variance was performed using the 'hier.part' package in R to determine the percentage of the explained variance associated with race, the ILRB and the LSN.
Results
The results of the analyses are shown in Table 3 . The unadjusted (bivariate) results in the first column show that odds of CT infection were significantly higher for NHB than NHW (OR = 5.79, 95% CI [4.28-7.84], p < .001), and this is the strongest single predictor of infection. Being unmarried was also significantly associated with CT. Respondents who had at least completed high school were significantly less likely to be CT+ compared to those with less than a high school education. Full-time medical insurance coverage during the previous year also had a significant protective effect, as did having part-time coverage. The number of partners reported in the last year was positively associated with CT (OR = 1.29, 95%CI [1.13-1.48], p < .001) but there was no significant association between reporting anal sex in the last year or condom use at last intercourse and CT. Both of the LSN variables were significantly associated with CT. The OR was 1.04 for a 1% change in the prevalence of concurrency among the two-way matched sample from which a partnership was drawn (95% CI [1.03-1.05], p < .001) and the OR was 1.16 for a 1% change in the prevalence of CT among the sample from which a partner was drawn (95% CI [1.13-1.19], p < .001)
In the multivariate model with the demographic variables only (second column of coefficients), the OR for NHB declined slightly, from 5.79 to 5.23, but remained a significant predictor of CT infection. Adding the ILRB variables (third column) had a negligible impact on the association between the demographic attributes and CT with the exception of marital status which was no longer significant. Of the ILRB variables, only the number of partners in the previous year was significantly associated with CT (OR = 1.23, 95%CI [1.05-1.44] p < .01). But controlling for number of partners did not change the observed association between NHB and CT, which implies that this (and the other ILRBs), while significantly associated with CT risk, are not the driver of racial disparities in CT prevalence.
In the final model, which incorporated the LSN, both partner concurrency and the CT prevalence differentials in LSNs that are generated by assortative mixing were significantly associated with CT infection of respondents (OR = 1.02, 95% CI [1.01-1.04] p < .01; and OR = 1.08, 95% CI [1.01-1.15] p < .05 respectively). In contrast to the ILRBs, the inclusion of the LSN variables reduced the magnitude of the OR for NHB and CT from 5.23 to 1.87 and the residual effect was not statistically significant.
The hierarchical partitioning of the variance in the demographic model attributed 80.1% of the explained variance to race. Including ILRB only conferred a modest improvement in model fit based on AIC but the proportion of the explained variance attributable to race declined to 74.4%. The number of partners in the last year accounted for 8.0% of the explained variance. Including LSN reduced the fraction of the explained variance attributable to race to 28.7%, while partner concurrency accounted for 10.0% and assortative mixing accounted for 21.6%. The proportions of the explained variance attributable to each of the independent variable are shown in Fig. 1 .
The results for the composite STI outcome were not significantly different from the results for CT alone, which is not surprising since CT accounted for the majority of STI cases. The sensitivity analyses performed by repeating the analyses using a more restrictive imputation that required 10 respondents for each imputation subsample also did not produce significantly different results. Similarly, the results did not substantially change when partner concurrency and assortative mixing were represented on the log scale. The full models under these additional scenarios are shown in Appendix A.
Discussion
There has been a long history of racial disparities in STI, and the disparities can be seen in the epidemiology of all reportable STIs: 2010 rate ratios comparing NHB to NHW for CT, syphilis, and HIV were approximately 8, and are higher, about 18, for gonorrhea (CDC, 2011 (CDC, , 2012a . There are certainly many factors contributing to these disparities but the results reported here provide support for the hypothesis that the structure of the local sexual network is a risk factor for STI and that variations in the network structure contribute more to the observed racial disparities in STI than do other demographic attributes and individual level risk behaviors. In this sample of young adults the odds of CT infection were 5.6 times higher for NHB than other groups. That association remained largely unchanged after controlling for ILRB like the number of sexual partners in the last year. However, after controlling for the probability of partner concurrency and a partner having a CT infection given assortative mixing, the variation in CT attributable to race declined by over two thirds, and was no longer statistically significant. As the CDC has reported "Race and ethnicity in the United States are population characteristics that also correlate with other fundamental determinants of health status (CDC, 2012b) ." Our analysis suggests that in the case of STIs, concurrency and assortative mixing create a network structure that is associated with much of the racial disparity in risk. These network characteristics may in fact be a mechanism through which inequalities manifest themselves (Cooper et al., 2014; Adimora et al., 2013) . This research has several strength and weaknesses that should be noted. Fully observed sexual network data tend to be rare because enrolling a respondent's partner is expensive, logistically difficult, and fraught with ethical and legal challenges. This paper presents a partial solution to this problem based on imputation from egocentrically sampled data and the reported characteristics of the respondent's partners, data that are both easily collected and readily available. This approach assumes homogeneity in the risks associated with a partnership for all partnerships between any defined set of demographic groups. We can account for additional heterogeneity in the population by incorporating additional characteristics in to the imputation but we are ultimately limited by the sample size. However, despite this limitation, the method and the results presented here remain fundamentally grounded in the data. It should also be noted that the results of this analysis may also be subject to significant bias if there is a correlation between any of the categories used for imputation and a reporting bias.
This approach also allows us to test network properties within the generalized linear model framework. Logistic regression is a standard method in both sociology and epidemiology, and by creating individual level proxy variables for network location we are able to include local network information in a relatively straightforward way utilizing readily available data and standard analytic tools. As a caveat, when using a generalized linear model framework, it must be assumed that the relationships that are being modeled are linear in the log-odds of infection. Network processes often are non-linear, and the non-linear characteristics of transmission on a network are not taken into account using this method no rare the nonlinear threshold properties often found in networks.
Our goal was to demonstrate, using the basic tools of epidemiological research and readily accessible data, that the results found in many simulation and modeling studies are supported by empirical correlations. Despite the limitations of this study it provides additional evidence that both concurrency and assortative mixing are playing a key role in generating and maintaining the racial disparity in STI. The impact of concurrency demonstrated here suggests that it may be a productive target for public health interventions.
Appendix A
See Table A1 . The attributable fractions of the explained variation in Chlamydia status in three models.
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